Introduction
Many investigators have shown that the nutrient composition of the diet can markedly influence the severity of toxic manifestations that occur after a few days or weeks of feeding high levels of cadmium. Single deficiencies of zinc, copper, iron, and calcium, and combined deficiencies of calcium, zinc, and protein markedly exacerbated the toxic effects of cadmium. Supplements of zinc, copper, iron (primarily the divalent form as ferrous sulfate), ascorbic acid, and L-cysteine were shown to be protective. These nutrient-cadmium interactions have been reviewed (1) (2) (3) (4) .
The practical problems of cadmium toxicity in man are not due to high levels of cadmium intake, but rather to very long-term cadmium accretion in the kidney until levels that can cause kidney damage occur (5) . Experimental data that are most pertinent to man include those from studies on the effects of dietary nutrient levels on absorption and long-term retention of very low levels of dietary cadmium, similar to the intakes of man (6) . Functional and morphological changes in the kidney under these conditions need to be investigated. The tissue retention of single oral doses of radioactive cadmium with low total cadmium intakes has been elevated by deficiencies of iron (7, 8) , calcium (9) , and protein (10) . Hamilton and Smith (11) produced a change in the distribution of a tracer dose of "5MCd between the liver and kidneys by feeding a low calcium diet; however, calcium level had no effect on the total amount of ll5mCd in the two organs.
Jacobs et al. (12) found that simultaneously doubling dietary levels of zinc, copper, and manganese in a soy isolate diet caused a marked decrease in the retention of "09Cd (fed as the chloride to Japanese quail between 7 and 14 days of age) in the liver, kidneys, and jejunum-ileum. Cadmium in the duodenum was not affected. The total dietary levels of cadmium, 0.020, 0.082, 0.145, 0.270, 0.520, and 1.020 ppm, bracketed dietary concentrations equivalent to the intake of man (approximately 0.08-0.10 ppm), assuming the absence of moisture and fiber for similarity to the type of diet fed in the bird experiment. With both the basal and supplemented diets, cadmium accumulated in the duodenum, liver, and kidney in a linear log-dose, log-response relationship. Within each of the two dietary matrices, the percentage retention of the "09Cd dose in each tissue was the same at each cadmium dose level. The same supplement also had a beneficial effect on the long-term whole body retention curve in accelerating the loss of "15mCd (total 1 ppm cadmium) that had been fed in the diet to Japanese quail between 7 and 14 days of age (13) . Zinc was shown to be the primary component of the three-element supplement responsible for lower tissue cadmium concentrations following the 7-day feeding regime (14) . Copper and manganese had small effects, which included increases in some tissue concentrations of cadmium. Jacobs et al. (15) showed that in birds fed a soy diet, concentrations of a dietary tracer of "09Cd (total 0.145 ppm cadmium) in the jejunum-ileum, liver, and kidneys declined as dietary zinc was increased from 15 to 30 and 60 ppm in the diet; 120 ppm zinc had no further effect.
The capacity of the small intestine of young Japanese quail to accumulate cadmium results in significant concentrations of cadmium in both the duodenum and the jejunum-ileum of birds fed basal diets. The cadmium level is sufficiently high to permit assay by flame atomic absorption spectrophotometry. The high correlation between decreases in jejunal-ileal concentrations of cadmium and decreases in liver and kidney cadmium led Fox et al. (16) to use the concentration of cadmium in the jejunum-ileum as an index of cadmium bioavailability from human foods. With the soy isolate diet, cadmium (as the chloride) fed to give total dietary concentrations of 0.082, 0.145, and 0.270 ppm cadmium resulted in linear relationships between the logs of dietary cadmium concentrations and logs of duodenal and jejunal-ileal cadmium concentrations. The concentrations of cadmium in the two small intestinal segments were significantly lower with the casein-gelatin diet than with the soy isolate diet. The relative bioavailability value (as compared with cadmium as the chloride) for oysters was similar with the two diets, 38 + 18% and 48 + 13% with the soy and casein-gelatin diets, respectively. Earlier studies by Fox et al. (17) had shown marked differences in cadmium toxicity and tissue mineral levels when soy isolate, casein-gelatin, or dried egg white was the dietary protein source. From these varied data, it was concluded that investigations of single nutrient variables and of foods (plant and animal) intrinsically labeled with "09Cd during growth are needed to identify dietary components (singly and together) that can affect accumulation of cadmium in the liver and kidneys and to establish the relationships between cadmium concentrations in the jejunum-ileum and those in the liver and kidneys.
Casein and gelatin typically contain lower levels of contaminant minerals and other complicating factors, such as phytate, and thus contribute to a better dietary matrix for studying mineral interactions than does soy isolate. Variations in mineral levels between batches are usually less for casein and gelatin than for soy isolate. The purpose of the present study was to determine the effect of variable dietary zinc concentrations in a casein-gelatin diet upon tissue cadmium levels derived from low dietary cadmium intake and to compare soy isolate with casein-gelatin as protein sources when the zinc concentrations were at the required level for each diet.
Experimental Procedures
Day-old Japanese quail (Coturnix coturnix japonica) of both sexes from our stock colony were housed in heated, continuously lighted, suspended stainless steel cages. Precautions to avoid environmental and dietary contamination with trace elements were observed. The birds were housed one group per cage except for birds 7-14 days of age in experiment 1, when they were housed individually to permit measurement of food intake. Diet and deionized drinking water were available at all times. The birds were wing-banded at 7 days of age and were weighed at weekly intervals. In experiment 1, groups of 10 birds each were fed with either a soy isolate or a casein-gelatin diet (Tables 1 and 2 ). In Table 2 for amounts of cadmium, zinc, iron, manganese, copper, and magnesium. experiment 2, 40 day-old birds were fed the caseingelatin diet (Tables 1 and 2 ) for 1 week and 20 birds were fed the soy diet. On day 7, the birds were redistributed by body weight into 4 groups of 10 birds each; 3 groups were fed the casein-gelatin diet and one group was fed the soy diet. Excess birds at the weight extremes were eliminated so that the mean body weights + SE were 20.0 + 0.47 g and 20.3 + 0.30 g for the casein-gelatin and soy isolate diets, respectively. The birds continued to receive the same diets except that the zinc concentrations in the casein-gelatin diets were adjusted to totals of 12 and 60 ppm for 2 of the groups.
Accelerator-produced carrier-free '09Cd (as the chloride) in 0. IN HCl (New England Nuclear Corp., Boston, Mass.) was premixed with glucose, freeze-dried, finely ground in a mortar, and mixed with each diet to provide 100 gCi '09Cd/kg diet. The labeled diet was fed to the birds from 7 to 14 days of age. Total food intake of each bird during the second week was measured in experiment 1. The birds were decapitated on day 14 without a prior fast. The liver was removed, washed in 0.75% NaCl solution, and blotted with tissue. In experiment 1, the intestinal tract was closed with a hemostat placed immediately distal to the ventriculus to prevent contamination of tissues with '09Cd in the digesta, and the entire intestinal tract was removed. The duodenum was defined as the loop encircling the pancreas and the jejunumileum was the next section of small intestine terminating at the cecal juncture. (21) . Half-gram samples of diet and 0.1 g samples of mineral premixes (in quintuplicate) were similarly digested. Zinc, iron, manganese, and copper were determined by atomic absorption spectrophotometry (Model 503, Perkin-Elmer Corp., Norwalk, Conn.). Cadmium in the cadmium premix and magnesium in the diets and magnesium premix were similarly determined. By these techniques, analytical values for the same elements in Bovine Liver, Standard Reference Material 1577 (National Bureau of Standards, Washington, DC) fell within the certified ranges.
Triplicate 3 g samples of casein, gelatin, and soy isolate were wet digested with 20 ml nitric and perchloric acids (5:1, volume:volume) and 1 ml concentrated sulfuric acid (G. F. Smith) and were assayed for cadmium by differential pulse anodic stripping voltammetry (22) . The cadmium concentration of all remaining dietary components minus protein, calcium phosphate, and calcium carbonate was similarly determined. Formation of precipitates with the calcium salts prevented their analysis for cadmium. The cadmium concentrations were 37.3 ng/g soy isolate and 3 ng/g gelatin. The cadmium in casein and other dietary components (exclusive of protein and calcium salts) was below the detection limits (<3 ng/g).
The tissue cadmium concentrations derived from the diet fed between 7 and 14 days of age were calculated from the specific activity of the added cadmium, 62 ,ug/kg. We have repeatedly observed linear log-dose, log-tissue concentrations and identical tissue retentions of cadmium within this dietary range of cadmium fed in one of several dietary matrices (12, 16, unpublished data) . The use of added cadmium provided a constant base level so that comparisons could be made between the two types of diets.
Statistically significant differences between group means were based on use of Student's t test (23a). Evaluation of response magnitude in relation to dietary zinc level was based on correlation coefficients (23b). 
Results
Type of dietary protein did not affect body weight or cadmium intake (i.e., food intake) of the birds (Table 3) . Birds fed the soy diet retained in the four selected tissues almost half of the cadmium consumed between 7 and 14 days of age, whereas birds fed the casein-gelatin diet retained only about onesixth. The amounts in the small intestine were by far the largest and accounted for most of this difference (Table 4) . Birds fed the soy diet had greater amounts of cadmium in the liver.
There were no effects of diet on tissue weights, except that the jejunum-ileum was significantly larger in birds fed the soy diet (Table 4) . Similar results were obtained in experiment 2 ( Table 5 ). The level of dietary zinc in the casein-gelatin diet affected neither body weight nor tissue weights.
The mineral concentrations in five tissues from birds in experiment 2 are presented in Table 6 . Birds fed 20 ppm zinc were the normal requirement controls for the casein-gelatin diet. There were some differences in absolute concentrations of cadmium in some tissues between experiments 1 and 2. The relative effects of diet on cadmium in the intestinal tract segments were the same; however, the values for the liver in experiment 2 were not different from those in experiment 1. With respect to other elements, the diet did not cause marked differences except that birds fed the soy diet had markedly lower amounts of iron in the duodenum and liver, and higher amounts of manganese and copper in all tissues.
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The best dose-response, to zinc was found in the al results to jejunal-ileal section of the small intestine. De- than would creases of cadmium in this section have been corEnvironmental Health Perspectives related with decreases in the liver and/or kidney (12, 15) . The greater difference between cadmium concentrations in the jejunal-ileal section from birds fed 12 versus 20 ppm zinc, as compared with 20 versus 60 ppm zinc, may be indicative of a more significant effect of zinc at deficient than at excess levels. This places emphasis on correcting zinc deficiency in human beings exposed to typical background levels of cadmium rather than administering zinc in excess of requirement, where safety of the zinc supplements is not well defined. In other persons exposed to high levels of cadmium, either industrially or via environmental contamination, supplements of zinc in excess of requirement should be useful. A controlled study of zinc supplements in such a population is needed. As zinc concentrations in the diet increased, not only did zinc concentrations in the tissues increase, but the concentrations of iron, manganese, and copper decreased in one or more tissues. Single supplements of manganese and copper had some small effects in increasing tissue cadmium concentrations from low dietary intakes (14) . It is not known what effects deficiencies of these two elements might have upon uptake under these conditions. Flanagan et al. (8) showed that low iron status, as indicated by low serum ferritin values, was associated with high absorption of 25 gg cadmium with ll5mCd as the chloride consumed in a single meal by human volunteers (8) . Flanagan et al. (8) also showed that in mice a tracer of '09Cd as the chloride given with 1.12 ppm cadmium in the drinking water was bound primarily to larger proteins in the liver and kidneys rather than to metallothionein. With a high intake of cadmium the reverse distribution has been found. Additional studies are needed on the absorption and metabolism of low levels of cadmium, and the manner in which cadmium is influenced by other essential elements, both individually and interacting with each other. From a practical viewpoint, differentiation is needed between the effects of mineral status (deficient and excess) and the mineral levels consumed directly with cadmium.
Effects of Diet Type on Tissue Cadmium Levels
The lower levels of cadmium in the duodenal and the jejunal-ileal sections of birds fed the control casein-gelatin diet (20 ppm zinc) were not associated with similarly lower levels of cadmium in the liver as compared with birds fed the soy diet. Although increasing the zinc content of each diet decreased cadmium in both the jejunum-ileum and the liver, the use of cadmium content of the jejunum-ileum as an index to bioassay cadmium in natural foods now appears equivocal because of the differences between the two types of control diets. It is possible, but unproven, that given dietary supplements would influence cadmium uptake by the jejunum-ileum and liver similarly with each diet. This was true for jejunal-ileal cadmium uptake from oysters (16) . The correlation in this study of jejunal-ileal cadmium concentrations with liver concentrations supports the validity of the approach. The range in liver values with the graded zinc levels was relatively small (Table 6 ), much smaller than would be expected in a bioassay with cadmium fed at three levels (12); therefore, correlations of cadmium in the two tissues in a bioassay range should be good.
The differences in jejunal-ileal weight and the concentrations of essential minerals in intestinal tissue all may have affected tissue cadmium levels apart from characteristics of the dietary proteins. Table 2 shows that much higher proportions of dietary iron, manganese, and copper were supplied by the soy protein than by the casein-gelatin. Although total dietary levels of each element except copper were established at levels to meet requirements with no excess, the relative decreases in requirement during the second week may have been different for each diet. Phytate in soy may affect cadmium directly or indirectly by its effect on zinc. Some more minor components of the soy isolate may also be involved.
The complexity of the apparent interrelations among the essential elements themselves, and particularly in relation to cadmium, makes one cautious in drawing conclusions regarding the best dietary mineral levels to minimize adverse effects of cadmium. The relative hazard of cadmium in an individual food must still be evaluated on the basis of total cadmium content until data are obtained on the bioavailability of cadmium in human foods.
